Telomerase, a unique ribonucleoprotein complex that contains the telomerase reverse transcriptase (TERT), the telomerase RNA component (TERC) and the TERC-binding protein dyskerin, is required for continued cell proliferation in stem cells and cancer cells. Here we identify SRSF11 as a novel TERCbinding protein that localizes to nuclear speckles, subnuclear structures that are enriched in premessenger RNA splicing factors. SRSF11 associates with active telomerase enzyme through an interaction with TERC and directs it to nuclear speckles specifically during S phase of the cell cycle. On the other hand, a subset of telomeres is shown to be constitutively present at nuclear speckles irrespective of cell cycle phase, suggesting that nuclear speckles could be the nuclear sites for telomerase recruitment to telomeres. SRSF11 also associates with telomeres through an interaction with TRF2, which facilitates translocation of telomerase to telomeres. Depletion of SRSF11 prevents telomerase from associating with nuclear speckles and disrupts telomerase recruitment to telomeres, thereby abrogating telomere elongation by telomerase. These findings suggest that SRSF11 acts as a nuclear speckle-targeting factor that is essential for telomerase association with telomeres through the interactions with TERC and TRF2, and provides a potential target for modulating telomerase activity in cancer.
INTRODUCTION
Telomeres, the specialized nucleoprotein complexes at the ends of linear eukaryotic chromosomes, are essential for maintaining genome integrity and have been implicated in aging and cancer (1, 2) . Mammalian telomeres consist of long tracts of duplex TTAGGG repeats with 3 singlestranded G overhangs and are tightly associated with the six-subunit protein complex shelterin that provides telomere protection by preventing chromosome ends from being recognized as DNA damage (3) (4) (5) (6) . Although homologous recombination-mediated DNA synthesis has been demonstrated for replenishing telomeric DNA (7, 8) , the maintenance of telomere repeats in most eukaryotic organisms requires the enzyme telomerase which adds telomeric repeats onto the 3 ends of linear chromosomes by reverse transcription (9, 10) . Telomerase is upregulated in human cancer cells but repressed in normal somatic cells, suggesting that the activation of telomerase supports tumor proliferation and survival by maintaining functional telomeres (11) (12) (13) .
Telomerase undergoes a highly elaborate, stepwise process for the assembly and trafficking of the telomerase holoenzyme (14) (15) (16) (17) . After the preassembly in nucleoli, the telomerase ribonucleoprotein (RNP) is transported to Cajal bodies by the direct interaction of the telomerase RNA component (TERC) CAB box sequence with TCAB1 (18) (19) (20) (21) . Depletion of TCAB1 does not affect telomerase RNP assembly and telomerase enzymatic activity but reduces telomerase localization to Cajal bodies, resulting in a failure to maintain functional telomeres (22) . To elongate telomere repeats, Cajal bodies containing the telomerase RNP transiently associate with telomeric chromatin. It has been recently reported that the OB-fold domain of TPP1 is required for telomerase recruitment to telomeres through the interaction with telomerase reverse transcriptase (TERT), and this interaction is an essential step in telomere length maintenance (23) (24) (25) . Nonetheless, many open questions remain about the precise molecular mechanisms of telomerase recruitment and how telomerase efficiently finds the site of action in the context of chromatin architecture.
In a search for proteins capable of interacting with TERC using a RNA affinity chromatography, we identify SRSF11 (also named SRp54) as a TERC-interacting factor that localizes to nuclear speckles, subnuclear structures that are enriched in pre-messenger RNA splicing factors (26, 27) . SRSF11 has been shown to function as a splicing factor that is a member of the highly conserved family of serine/arginine (SR) proteins (28) . Previously, SRSF11 was shown to stimulate the exclusion of tau exon 10, competing with Tra2␤ that enhances exon 10 inclusion for binding to its target site (29) . Recently, it was reported that overexpression of SRSF11 increased ␤-deletion splice variant mRNA levels of human TERT, indicating that the TERT transcript is a target of SRSF11 (30) . In this work, we show that SRSF11 associates with active telomerase through the interaction with TERC and directs it to nuclear speckles specifically during S phase. We also show that SRSF11 can associate with telomeres through the interaction with TRF2, which are constitutively present at nuclear speckles. Our data suggest that nuclear speckle is the S phase-specific nuclear site where telomerase is loaded on telomeres, and that SRSF11 functions as a nuclear speckle-targeting factor that is essential for telomerase recruitment to telomeres.
MATERIALS AND METHODS

Cell culture and plasmids
The human cervical carcinoma cell line HeLa S3 and the human breast cancer cell line MCF7 were cultured in Dulbecco's modified Eagle's medium, the human osteosarcoma cell lines U2OS and Saos-2 were cultured in McCoy's modified medium and the human non-small cell lung carcinoma cell line H1299 was cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 g/ml streptomycin in 5% CO 2 at 37
• C. The expression vectors for Flag-SRSF11 were constructed by inserting the full-length and truncated fragments from the SRSF11 cDNA into p3xFlag-CMV 7.1 plasmid (SigmaAldrich). The expression vectors for GST fusion proteins were constructed by cloning the cDNAs into pGEX5X-1 plasmid (Amersham Biosciences).
RNA affinity chromatography
The TERC DNA was cloned in the XhoI and EcoRI sites of pBluescript SK (+) (Stratagene), and TERC template was prepared by linearizing with EcoRI. TERC transcripts were prepared by in vitro transcription using a MAXIscript T7/T3 Kit according to the manufacturer's recommendation (Ambion). Transcribed RNA was cleared by MEGAclear Kit (Ambion) and labeled with biotin by RNA 3 -end biotinylation kit according to the manufacturer's recommendation (Thermo Scientific). For purification of TERC binding proteins, HeLa S3 cells were lysed in lysis buffer (25 mM HEPES-KOH, pH 7.5, 150 mM KCl, 1.5 mM MgCl 2 , 10% glycerol, 0.5% NP-40, 5 mM 2-mercaptoethanol and protease inhibitor cocktail) supplemented with 50 unit/ml RNase inhibitor and incubated for 30 min on ice. Lysates were incubated with biotinylated TERC bound to streptavidin agarose beads for 2 h with rotation at 4
• C. The bound proteins were washed three times with lysis buffer and eluted with SDS sample buffer. TERC-interacting proteins were fractionated by SDS-PAGE, excised from the gel and analyzed by LC-MS/MS.
Peptide identification using nano LC-MS/MS
Nano LC-MS/MS analysis was performed with a nano HPLC system (Agilent), and the nano chip column (150 mm × 0.075 mm, Agilent) was used for peptide separation. The mobile phase A for LC separation was 0.1% formic acid in deionized water and the mobile phase B was 0.1% formic acid in acetonitrile. The chromatography gradient was designed for a linear increase from 5% B to 30% B in 25 min, 40% B to 60% B in 5 min, 90% B in 10 min and 5% B in 15 min. The flow rate was maintained at 300 nL/min. Product ion spectra were collected in the information-dependent acquisition (IDA) mode and were analyzed by Agilent 6530 Accurate-Mass Q-TOF (Agilent) using continuous cycles of one full scan TOF MS from 200 to 1500 m/z (1.0 s) plus three product ion scans from 50 to 1800 m/z (1.5 s each). Precursor m/z values were selected starting with the most intense ion, using a selection quadrupole resolution of 3 Da. The rolling collision energy feature was used, which determines collision energy based on the precursor value and charge state. The dynamic exclusion time for precursor ion m/z values was 60 s.
Double thymidine block
Double thymidine block was performed as described previously (31) . Briefly, HeLa S3 cells were cultured to logarithmic phase and incubated in medium containing 2 mM thymidine (Sigma-Aldrich). After 19 h, cells were washed twice with phosphate-buffered saline (PBS) and incubated with regular medium for 9 h before a second incubation in 2 mM thymidine for 17 hr. Cells were released and collected at 2 h intervals after release from the second thymidine block. Cell cycle progression was monitored by propidium iodide staining and flow cytometry analysis using a FACScan flow cytometer (BD Biosciences).
GST pulldown, immunoprecipitation and immunoblotting
GST pulldown, immunoprecipitation and immunoblot analysis were performed as previously described (32) . The expression vectors were transiently transfected into HeLa S3 cells using Lipofectamine-PLUS reagent according to the manufacturer's protocol (Invitrogen). HeLa S3 cells were lysed in lysis buffer and incubated for 30 min on ice. Lysates were clarified by centrifugation (16 000x g) for 15 min at 4
• C to remove insoluble material. For the GST pulldown assay, the supernatants were precleared with glutathione-Sepharose 4B (Amersham Biosciences) and incubated with glutathione-Sepharose beads containing GST fusion proteins or control GST for 2 h at 4
• C. GST fusion proteins and His-tagged proteins were expressed in Escherichia coli BL21 cells and purified on glutathioneSepharose 4B and Ni-NTA Sepharose (GE Healthcare), respectively. For immunoprecipitation, the supernatants were precleared with either mouse or rabbit IgG (Santa Cruz Biotechnology) and protein A-Sepharose beads (Amersham Biosciences) for 30 min at 4
• C and then incubated with primary antibodies at 4
• C overnight, followed by incubation with protein A-Sepharose beads for 1 h at 4
• C. After binding, the beads were washed extensively with lysis buffer and subjected to immunoblot analysis. Immunoprecipitation and immunoblotting were performed using antiFlag (M2, Sigma-Aldrich), anti-SRSF11 (ab74363, Abcam), anti-TERT (Rockland), anti-TCAB1 (ab99376, Abcam), anti-dyskerin (H-300, Santa Cruz Biotechnology), 
Telomerase assay
The telomeric repeat amplification protocol (TRAP) was used as previously described (33) . Briefly, immunoprecipitated proteins (200 ng) were added to telomerase extension reactions and incubated at 37
• C for 20 min. Polymerase chain reaction (PCR) was performed using the HTS primer and HACX primer for 30 cycles (denaturation at 94
• C for 30 s, annealing at 62
• C for 30 s and extension at 72
• C for 30 s). As an internal telomerase assay standard, NT and TSNT primers were added to the PCR mixture as described previously (34) . Telomerase products were resolved by electrophoresis on a 12% nondenaturing polyacrylamide gel. Bands were then visualized by staining with SYBR Green (Molecular Probes), and the signal intensity was quantified with a LAS-4000 Plus Image analyzer (Fuji Photo Film).
Establishment of stable cell lines
To produce retroviral supernatants, the retrovirus vectors expressing two different shRNAs targeting SRSF11 were co-transfected with pGP (for gag-pol expression) and pE-ampho (for env expression) into HEK293T packaging cells according to the manufacturer's instructions (Takara). The retrovirus vectors were constructed by cloning the shRNA-expressing oligonucleotides targeting SRSF11 (5 -GATCCCCCGTTGAC AGAGCTTTGATATTTTCAAGAGAAATATCAA AGCTCTGTCAACGTTTTTA-3 for shSRSF11-1; 5 -GATCCCCGGATACCTCTAGTAAAGA ATTTTCAA GAGAAATTCTTTACTAGAGGTATCCTTTTTA-3 for shSRSF11-2) into pSUPER.retro.puro vector (OligoEngine). After 48 h, the culture supernatants were harvested and filtered through a 0.45 m filter. HeLa S3 cells were transduced with the viral supernatants containing 4 g/ml polybrene (Sigma-Aldrich). After selection with 1 g/ml puromycin (Gibco) for 48 h, multiple independent single clones were isolated and checked for protein expression by immunoblotting with anti-SFRS11 antibody.
RNA interference
The siRNA duplexes were transfected into HeLa S3 cells using RNAiMax transfection reagent (Invitrogen). The siRNA target sequences specific for Son were 5 -GCUGAGCGCUCUAUGA UGU-3 for siSon-1 and 5 -CAAUGUCAGUGGAGUAUCA-3 for siSon-2. The control siRNA sequence (5 -AATTCTCCGAACGTGT CACGT-3 ) was used as a control and did not correspond to any known gene in the databases.
Immunoprecipitation RT-PCR
Following immunoprecipitation, RNA was isolated using TRIzol (Invitrogen) and subjected to RT-PCR. The reverse transcription reaction was performed for 1 h at 42
• C using the M-MLV reverse transcriptase (Promega). The following primers were used: TERC (forward primer, 5 -TCTAACCCTAACTGAGAAGGGCGTAG-3 and reverse primer, 5 -GTTTGCTCTAGAATGA ACGGTGGAAG-3 ) and the human GAPDH gene (forward primer, 5 -TCTGCCCCCTCTGCT GATGC-3 and reverse primer, 5 -CCACCACCCTGTTGCTGTAG-3 ).
Immunofluorescence and telomere fluorescence in situ hybridization (FISH)
Immunofluorescence and FISH were performed by modifying existing protocols (35) . Briefly, cells grown on glass coverslips were fixed with 4% paraformadehyde in PBS for 10 min, permeabilized in PBS containing 0.5% Triton X-100 for 10 min and then blocked with PBS containing 0.5% bovine serum albumin and 0.2% cold fish gelatin for 10 min. Cells were incubated with rabbit anti-SRSF11 (800 ng/ml, Abcam), rabbit anti-TERT (500 ng/ml, Rockland), rabbit anti-TCAB1 (200 ng/ml, Abcam), rabbit antidyskerin (800 ng/ml, Santa Cruz Biotechnology), rabbit anti-Son (400 ng/ml, Abnova), mouse anti-SC35 (1 g/ml, Abcam), mouse anti-coilin (2 g/ml, Abcam), rabbit anticoilin (200 ng/ml Santa Cruz Biotechnology), mouse antinucleolin (200 ng/ml, Santa Cruz Biotechnology), goat anti-TRF1 (2 g/ml, Santa Cruz Biotechnology), rabbit anti-TRF2 (500 ng/ml, Cell signaling), rabbit anti-RAP1 (500 ng/ml, Bethyl laboratory), rabbit anti-POT1 (2 g/ml, Abcam), mouse anti-TPP1 (1 g/ml, Abcam) and mouse anti-TIN2 (1 g/ml, Abcam) for 16 h at 4
• C. After thorough washing with PBS, cells were incubated with Alexa Fluor 488-conjugated anti-rabbit or anti-goat immunoglobulin (green), Alexa Fluor 568-conjugated anti-mouse or anti-rabbit immunoglobulin (red) and Alexa Fluor 350-conjugated anti-mouse immunoglobulin (blue) (Molecular Probes) for 1 h in the dark. The coverslips were mounted on microscope slides using Vectashield mounting medium with DAPI (Vector Laboratories). Immunofluorescence images were captured using a confocal laser-scanning microscope LSM 510 (Carl Zeiss).
For telomere FISH experiments, immunofluorescence was performed as described above using the appropriate primary and secondary antibodies. After wash with PBS, cells were refixed with 4% paraformaldehyde in PBS for 20 min at room temperature (36) . The coverslips were dehydrated with 70%, 95% and 100% ethanol for 5 min each and allowed to dry completely. Hybridization solution containing 10 mM Tris-HCl, pH 7.2, 70% formamide, 1 mg/ml blocking reagent (Roche) and Cy3-(CCCTAA) 3 peptide nucleic acid probe (Panagene) was added to coverslip, and the coverslips were heated for 10 min at 80
• C. After incubation for 12 h in the dark, the coverslips were washed twice in washing solution (10 mM Tris-HCl, pH 7.2, 70% formamide) and twice in PBS.
TERC fluorescence in situ hybridization
Immunofluorescence was carried out first, and TERC FISH was performed essentially as previously described (24), with the following modifications. Cells were refixed with 4% formaldehyde in PBS for 10 min, permeabilized in 70% ethanol for 1 h and rehydrated in 50% formamide in 2X SSC (300 mM NaCl, 30 mM sodium citrate at pH 7.2) for 5 min at room temperature. Prehybridization solution containing 100 mg/ml dextran sulphate, 0.125 mg/ml E. coli tRNA, 1 mg/ml nuclease-free BSA, 0.5 mg/ml salmon sperm DNA, 1 mM vanadyl ribonucleoside complexes, and 50% formamide in 2X SSC and were added to coverslip for 1 h at 37
• C in a humidified chamber. Cells were then hybridized in the prehybridization solution containing a mixture of six Quasar 570 labeled oligonucleotide probes (Biosearch) overnight at 37
• C. After hybridization, cells were washed twice with 50% formamide in 2X SSC and twice in PBS. Sequences of six oligonucleotide probes for TERC FISH were as follows: probe 1 5 -AAGTCAGCGAGAAAAACAGC-3 ; probe 2, 5 -TCTAGAATGAACGGTGGAAG-3 ; probe 3, 5 -CCAGCAGCTGACATTTTTTG-3 ; probe 4, 5 -GCTGACAGAGCCCAACTCTT-3 , probe 5, 5 -GTCCCACAGCTCAGGGAATC-3 ; probe 6, 5 -CATGTGTGAGCCGAGTCCTG-3 .
Telomere length analysis
To measure the telomere length, genomic DNA was isolated from HeLa S3 cells stably expressing SRSF11 shRNAs or control shRNA using the GenElute kit (Sigma-Aldrich), digested with Hinf1 and Rsa1 and separated on 1% agarose gel as described previously (37) . DNA samples were transferred to the positively charged Hybond N+ (Amersham Biosciences) membrane and hybridized with a 32 P-labeled (TTAGGG) 4 probe.
RESULTS
Identification of SRSF11 as a TERC-interacting protein
To identify proteins that interact with human TERC, we used a RNA affinity assay with biotinylated TERC and HeLa S3 cell extracts. TERC-specific binding proteins were identified by nano-liquid chromatography-tandem mass spectrometry (nano LC-MS/MS) (Supplementary Figure  S1 ). Among the known telomerase components, dyskerin, TCAB1 and nucleolin were enriched in the TERC complexes ( Figure 1A ) (20, 38, 39) . We also identified SRSF11, an essential splicing factor of the SR protein family (28) . In addition, this approach identified Thoc1, an essential component required for RNP biogenesis and RNA processing (40) . However, we were unable to identify TERT in this assay possibly due to its low cellular abundance. Because SRSF11 has been shown to localize to nuclear speckles (26, 27) , we wanted to investigate the role of SRSF11 in the assembly and trafficking of telomerase. We first determined whether TERC and SRSF11 associate in vivo. Endogenous SRSF11 was specifically bound to Flag-TERT that was immunoprecipitated from HeLa S3 cells, as were endogenous TCAB1, dyskerin, reptin, pontin and TERC (Figure 1B) . Flag-TERT associations with SRSF11, TCAB1, dyskerin and TERC were disrupted by RNase A treatment of the extract, which degraded TERC. In contrast, Flag-TERT interactions with reptin and pontin were not RNase A-sensitive (41) . Reciprocal immunoprecipitation showed that Flag-SRSF11 associates with TERT, TCAB1, dyskerin and TERC ( Figure 1C ). Flag-SRSF11 associations with endogenous TERT and TERC were RNase Asensitive. However, Flag-SRSF11 associations with TCAB1 and dyskerin were not disrupted by RNase A treatment, suggesting the protein-protein interactions. Endogenous SRSF11 and TERC were immunoprecipitated by endogenous TERT, and endogenous TERT and TERC were recovered by endogenous SRSF11 ( Figure 1D ). These associations were disrupted by RNase A treatment but not by DNase I treatment (Supplementary Figure S2A) . The fact that SRSF11 associates with TERT through TERC was further verified by the GST pulldown assay ( Figure 1E ) and immunoprecipitation experiments with telomerase-negative cells (42) (Supplementary Figure S2B) . We next examined whether SRSF11 associates with catalytically active telomerase. Lysates from HeLa S3 cells were immunoprecipitated with a SRSF11-specific antibody and analyzed for telomerase activity by the TRAP assay. Immunoprecipitates of endogenous SRSF11 contained telomerase activity that was abolished by RNase A treatment ( Figure 1F ). Taken together, these data suggest that SRSF11 is a novel TERCbinding protein.
Identification of the domains in SRSF11 and TERT for their interaction
SRSF11 is a member of the highly conserved family of SR proteins which are structurally composed of one or more RNA recognition motifs (RRMs) and an arginine/serinerich (RS) domain (28) . To determine the specificity of the interaction between SRSF11 and TERT, HeLa S3 cells were transfected with Flag-TERT and subjected to immunoprecipitation with anti-Flag antibody, followed by immunoblotting to detect a variety of SR proteins (Figure 2A ). Flag-TERT interacts with endogenous SRSF11 but not with other SR proteins such as SRSF1 (SF2/ASF), SRSF2 (SC35), U2AF35 and U2AF65 ( Figure 2B ). These results suggest that the association between SRSF11 and TERT could be specific.
To map the region in SRSF11 that is responsible for TERC binding, we generated deletion constructs lacking an amino-terminal RRM or a carboxy-terminal RS domain ( Figure 2C ). Endogenous TERT and TERC were immunoprecipitated by Flag-SRSF11 and Flag-RRM but not by Flag-RS ( Figure 2D ), indicating the binding ability of RRM to TERC. To determine the domain in TERT that is required for the interaction with SRSF11, we assessed binding of endogenous SRSF11 by immunoprecipitating a series of deletion fragments of TERT ( Figure 2E ). SRSF11 was immunoprecipitated only by the TERT fragments containing amino acid residues 301-589 ( Figure 2F ). TERC was also found to be immunoprecipitated by the same TERT fragments. Since this region is essential for TERC binding, these results suggest that the interaction of TERT with SRSF11 could be dependent on TERC. We also showed that removing the TERC-binding domain on TERT abolished TERC binding and SRSF11 association (Supplementary Figure S3 ). 
SRSF11 associates with catalytically active telomerase in a cell cycle-dependent manner
Because telomerase is restricted to act on telomeres during S phase (31, 43) , it is likely that the binding of SRSF11 to telomerase is regulated in a cell cycle-dependent manner. To test this possibility, HeLa S3 cells were synchronized at G1/S transition using double thymidine blockade, and cell cycle progression was monitored by FACS analysis at 2 h intervals following release of the thymidine blockade (31) . We investigated the interaction of SRSF11 with telomerase components during the cell cycle. Combined immunoprecipitation-immunoblot analysis revealed that the amount of TERC associated with immunoprecipitated SRSF11 peaked in mid/late S phase, as observed for TERT, TCAB1 and dyskerin ( Figure 3A) . In the TRAP assay with SRSF11 immunoprecipitates, telomerase activity also peaked in mid/late S phase ( Figure 3B ). These results demonstrate that the association of SRSF11 with active telomerase is S-phase specific.
To determine the nuclear localization of endogenous SRSF11 during the cell cycle, we performed indirect immunofluorescence with synchronized HeLa S3 cells and found that SRSF11 localizes to nuclear speckles throughout most of the cell cycle as indicated by dual staining with a SC35-specific antibody ( Figure 4A ). SRSF11 overlapped with the Cajal body marker coilin during mid/late S phase but rarely co-localized in other cell phases (Figure 4B) , suggesting that telomerase-containing Cajal bodies are targeted to nuclear speckles specifically during S phase. However, SRSF11 was excluded from the nucleoli as indicated by staining with a nucleolin-specific antibody ( Figure 4A ). Interestingly, approximately 70% of telomeres co-localized with both SRSF11 and SC35 at the perimeter of nuclear speckles irrespective of cell cycle phase (Figure 4C and D) , suggesting that a subset of telomeres is constitutively present at nuclear speckles. This was further supported by the findings that the shelterin components associate with nuclear speckles (Supplementary Figure S4) . We also found that the telomerase holoenzyme components including TERT, dyskerin, TCAB1 and TERC co-localize to nuclear speckles during mid/late S phase ( Figure 4E and F). S phase-specific co-localization of TERC with nuclear speckles was also observed in other telomerase-positive cells (Supplementary Figure S5) . These observations suggest that nuclear speckles may serve as the S phase-specific nuclear sites for telomerase loading on telomeres.
SRSF11 is required for telomerase recruitment to telomeres and telomere elongation
To examine an involvement of SRSF11 in telomerase recruitment to telomeres, the expression of endogenous SRSF11 was depleted using short hairpin RNA (shRNA) ( Figure 5A ). In mid/late S phase cells, depletion of SRSF11 diminished the number of TERC foci at nuclear speckles ( Figure 5B and 5C) without affecting overall TERC RNA levels d (Figure 5A ), indicating that SRSF11 is essential for the association of telomerase with nuclear speckles. We also found that the levels of telomerase components including TERT, dyskerin and TCAB1 were not affected by SRSF11 depletion ( Figure 5A ). We next examined the requirement of SRSF11 for associating telomerase with telomeres using triple immunofluorescence staining for co-localization of TERC with coilin and TRF2. We found that TERC co-stained with both coilin and TRF2 during mid/late S phase in control shRNA cells ( Figure 5D-F) . Depletion of SRSF11 did not affect co-localization of TERC with coilin ( Figure 5E ) but led to reduced co-localization of TERC with TRF2 ( Figure 5F ). These results suggest that SRSF11 plays a critical role in telomerase loading on telomeres at nuclear speckles during S phase. Because telomeres still localizes to nuclear speckles after depletion of SRSF11 (Supplementary Figure S6) , SRSF11 depletion-dependent reduction in colocalization of TERC with TRF2 could not be due to the absence of telomeres at nuclear speckles It has been recently documented that TERT is involved in alternative splicing events such as the ␤-deletion variant (30) . If depletion of SRSF11 affects the expression of TERT splice variants, SRSF11-dependent telomerase loading onto telomeres might be an indirect effect of altered TERT levels rather than directly due to impaired recruitment. To test this possibility, HeLa S3 cells were transfected with SRSF11 shRNA or Myc-SRSF11 and subjected to quantitative RT-PCR to measure the levels of TERT variant mRNAs. We found that the amounts of TERT mRNA and ␤-deletion transcript were not significantly changed upon either depletion or overexpression of SRSF11 (Supplementary Figure S7 ). Furthermore, the levels of SRSF11 did not affect the amounts of telomerase activity. Because SRSF11 has been previously described as a tau exon 10 splicing repressor (44), we performed the control experiments indicating that depletion of SRSF11 affects tau exon 10 alternative splicing. The results showed that depletion of SRSF11 increases tau exon 10 inclusion whereas overexpression of SRSF11 suppresses tau exon 10 inclusion (Supplementary Figure S8) .
To determine whether SRSF11 is required for telomere elongation by telomerase, we assayed telomere lengths in HeLa S3 cells stably expressing SRSF11 shRNA or control shRNA. SRSF11-depleted cells maintained the reduced levels of SRSF11 until population doubling (PD) 99 (Figure 6A) . Depletion of SRSF11 did not affect the levels of telomerase components ( Figure 6A ) and shelterin proteins ( Figure 6B ). Telomerase activity was not influenced by the level of SRSF11 (Figure 6C ), indicating that SRSF11 has no direct regulatory effect on telomerase activity. Whereas cells expressing control shRNA maintained a stable telomere length throughout the duration of the experiments, two different shRNAs targeting SRSF11 led to progressive telomere shortening with cell passage (Figure 6D and E). These results suggest that SRSF11 is essential for telomere length maintenance in telomerase-positive cells.
Nuclear speckle is the nuclear site for telomerase recruitment to telomeres
If nuclear speckle is an important nuclear compartment for telomere regulation, we would expect disruption of nuclear speckle structure to impair telomerase recruitment and telomere length control. To examine whether nuclear speckle is required for telomerase recruitment or simply a place that SRSF11-telomerase complex passes through, nu- Immunoprecipitates of endogenous SRSF11 from synchronized cells were analyzed for telomerase activity by the TRAP assay. IgG was used as a negative control. Telomerase products were quantified and displayed as fold change in the accompanying graph. ITAS, internal telomerase assay standard.
clear speckle structure was disrupted by depleting a large scaffolding protein Son that is essential for proper nuclear organization of pre-mRNA processing factors in nuclear speckles (45) . Immunofluorescence staining of HeLa S3 cells with a Son-specific antibody showed co-localization with SC35 in nuclear speckles ( Figure 7A ). Depletion of Son by two independent siRNAs led to a significant reduction in Son immunofluorescence signal. SC35 localization in nuclear speckles was altered to a round-shape nuclear structure after depletion of Son ( Figure 7A ), suggesting that Son is required to maintain nuclear speckle organization (45) . We next examined the effect of Son depletion on colocalization of TERC and TRF2. Whereas TERC mostly co-stained with TRF2 in control siRNA cells, Son deple- tion caused a clear reduction in co-localization of TERC and TRF2 ( Figure 7B and C) . These results suggest that proper nuclear speckle organization is required for telomerase recruitment to telomeres. In addition, we found that Son depletion does not affect the levels of telomerase components ( Figure 7D ).
SRSF11 interacts with TRF2 irrespective of cell cycle phase
Although telomerase is targeted to nuclear speckles through the interaction between SRSF11 and TERC, it is uncertain how telomerase efficiently finds the telomeres within nuclear speckles. To address this issue, we examined whether SRSF11 interacts with the shelterin components and found that endogenous SRSF11 can form a stable complex with endogenous TRF2 but not with other shelterin components in HeLa S3 cells ( Figure 8A ). Endogenous SRSF11 was also immunoprecipitated by endogenous TRF2 (Figure 8B ), indicating that SRSF11 interacts with TRF2 in mammalian cells. The GST pulldown assay further verified that SRSF11 directly interacts with TRF2 ( Figure 8C ). We next determined the specificity of the interaction between SRSF11 and TRF2. The results showed that Flag-TRF2 interacts Figure 6 . SRSF11 is required for telomere elongation. (A) HeLa S3 cells stably expressing control shRNA (shControl) or SRSF11 shRNAs (shSRSF11-1 and shSRSF11-2) were harvested at the indicated population doublings (PDs) and subjected to immunoblotting to measure the levels of various telomerase components. (B) HeLa S3 cells stably expressing shControl or shSRSF11 were harvested at PD 99 and subjected to immunoblotting to measure the levels of various shelterin proteins. (C) HeLa S3 cells stably expressing shControl or shSRSF11 were harvested at the indicated PDs and analyzed for telomerase activity by the TRAP assay. ITAS, internal telomerase assay standard. (D) HeLa S3 cells stably expressing shControl or shSRSF11 were harvested at the indicated PDs, and genomic DNA was digested with Hinf1 and Rsa1, followed by Southern blot analysis using a telomere repeat probe. (E) Graphical representation of average telomere length versus population doubling number.
with SRSF11 and U2AF35 but not with other SR proteins including SRSF1, SRSF2 and U2AF65 ( Figure 8D ). It will be interesting to investigate the physiological significance of the interaction of TRF2 with U2AF35.
To identify the region in TRF2 that is responsible for SRSF11 binding, a series of TRF2 fragments were fused to GST and used in the in vitro binding assay ( Figure 8E ). GST-TRF2 and GST-GAR bound efficiently to SRSF11 whereas other GST-fusion proteins had no detectable binding activity ( Figure 8F ). To confirm the binding ability of the GAR domain to SRSF11, we generated deletion constructs lacking the GAR and Myb domains ( Figure 8G ). When HeLa S3 cells cells were co-transfected with Flag-SRSF11 and various Myc-TRF2 fragments, only TRF2 fragments containing the GAR domain was immunoprecipitated by Flag-SRSF11 ( Figure 8H ).
Because SRSF11 associates with active telomerase through TERC specifically during S phase, we investigated whether the interaction between SRSF11 and TRF2 is regulated by the cell cycle. HeLa S3 cells expressing Flag- SRSF11 and TRF2-V5 were synchronized in mid/late S phase and analyzed by immunoprecipitation. The results showed that the amounts of TRF2 associated with immunoprecipitated SRSF11 were not changed during the cell cycle (Supplementary Figure S9A) , indicating that SRSF11 interacts with TRF2 in a cell cycle-independent manner. To determine co-localization of SRSF11 with TRF2 during the cell cycle, we explored the nuclear distribution of endogenous SRSF11 and TRF2 of synchronized cells. Many of TRF2 foci co-localized to SRSF11 irrespective of cell cycle phase (Supplementary Figure S9B and SC) , further supporting that telomeres are constitutively present at nuclear speckles.
Both SRSF11-TERC interaction and SRSF11-TRF2 interaction are essential for telomerase recruitment to telomeres at nuclear speckles To map the domain of SRSF11 that mediates the interaction with TRF2, we accessed binding of TRF2 by immunoprecipitating two SRSF11 deletion mutants, RRM and RS, in HeLa S3 cells ( Figure 9A) . Intriguingly, the results showed that TRF2 interacts with the RS domain, Figure S10A) . Based on these results, we hypothesized that both interactions are required for telomerase recruitment to telomeres at nuclear speckles. To test this possibility, Myc-RRM and Myc-RS were expressed in HeLa S3 cells and assayed for their localization. Whereas Myc-RRM was detected in a diffused pattern throughout the nucleus and cytoplasm, Myc-RS showed strong colocalization with nuclear speckles (Supplementary Figure  S10B) . We next analyzed the ability of these deletion mutants to target telomerase to nuclear speckles. Overexpression of RS in mid/late S phase cells had little or no effect on TERC association with nuclear speckles compared to vector control ( Figure 9B and C) . However, overexpression of RRM led to reduced localization of TERC in nuclear speckles, suggesting that RRM acts as a dominant negative form to target telomerase to nuclear speckles. We also examined the effect of deletion mutations on the association of telomerase with telomeres using triple immunofluorescence staining. Overexpression of RRM or RS in mid/late S phase cells did not affect co-localization of TERC with coilin (Figure 9D and E) but significantly inhibited TERC association with TRF2 ( Figure 9D and F) . These results suggest that both SRSF11 RRM-TERC interaction and SRSF11 RS-TRF2 GAR interaction are required for telomerase recruitment to telomeres at nuclear speckles. Because the interaction between SRSF11 and TRF2 is essential for telomerase association with telomeres, we examined whether TRF2 is also required for telomere localization to nuclear speckles. The results showed that depletion of TRF2 does not disrupt co-localization of telomeres with nuclear speckles (Supplementary Figure S11 ), suggesting that telomeres are constitutively present at nuclear speckles even in the absence of TRF2.
DISCUSSION
Telomere elongation by telomerase in human cancer cells involves multiple steps including telomerase RNP biogenesis, holoenzyme assembly, TCAB1-dependent telomerase accumulation in Cajal bodies and the redistribution of telomerase to telomeric chromatin (46) (47) (48) . Although much has been recently progressed about the roles and mechanisms of telomerase components in these multiple processes, it is still uncertain how telomerase efficiently finds the site of action in the context of chromatin architecture and what mechanisms ensure that telomerase specifically acts on telomeres in S phase. It has been recently reported that the OB-fold domain of TPP1 is required to recruit telomerase to telomeres by binding to TERT (23) (24) (25) . This process should be regulated to restrict telomere elongation to S phase (31, 43) . In this study, we have identified SRSF11 as a novel TERC-binding factor that localizes to nuclear speckles. SRSF11 associates with active telomerase enzyme and directs it to nuclear speckles. Importantly, the SRSF11-telomerase complex is regulated by the cell cycle and peaks during each S phase. SRSF11 also associates with telomeres through the interaction with TRF2. Taken together, these data demonstrate that nuclear speckle is the S phase-specific nuclear site where telomerase is loaded on telomeric chromatin.
Depletion of SRSF11 causes a clear reduction in telomere length with cell passage, suggesting that SRSF11 might represent a general mechanism for maintaining telomere length. The critical question that remains to be answered is how SRSF11 regulates telomere length. It is likely that SRSF11 may act as a molecular link for the recruitment of telomerase to telomeres. Based on the results presented in this work, we propose a model to explain how telomerase is recruited to chromosome ends specifically during S phase ( Figure 9G ). After the preassembly of telomerase RNA and proteins in nucleoli (22) , the telomerase RNP is transported to Cajal bodies by the direct interaction of the TERC CAB box with TCAB1 (18) (19) (20) (21) . Telomerasecontaining Cajal body is then targeted to nuclear speckles through SRSF11 binding to TERC. Although SRSF11 had no direct regulatory effect on telomerase activity, depletion of SRSF11 reduced telomerase localization to nuclear speckles, resulting in a failure to maintain telomere length. Because co-localization of telomerase with Cajal bodies was not influenced by SRSF11 depletion, the SRSF11-dependent trafficking of telomerase to nuclear speckles occurs at a step after the telomerase localization to Cajal bodies. Importantly, co-localization of SRSF11 with telomerase occurs specifically during S phase, suggesting that SRSF11 is a S phase-specific telomerase holoenzyme component.
In addition to its binding to TERC, SRSF11 can interact with TRF2 via the carboxy-terminal RS domain which does not overlap with the TERC-binding RRM domain. These findings suggest that SRSF11 binding to TERC and TRF2 may not be mutually exclusive. Indeed, SRSF11 was shown to associate with a subset of telomeres through the interaction with the GAR domain of TRF2, which are constitutively present at nuclear speckles irrespective of cell cycle phase. In this mode, SRSF11 may act as a scaffold to bring telomerase (via TERC-binding) to telomeres (via TRF2-binding). Once telomerase is loaded on telomeres in a SRSF11-dependent manner, the TERT-TPP1 interaction could be then required to complete telomerase recruitment for high processivity telomere synthesis (23, 24) . This model predicts that recruitment of telomerase by SRSF11 to telomeres precedes TPP1. To test this possibility, we determined the effect of SRSF11 depletion on the ability of TPP1 to pull down TERT and telomerase activity. The results showed that the interaction between TPP1 and TERT was significantly reduced by SRSF11 depletion (Supplementary Figure S12A ). The levels of telomerase activity immunoprecipitated by TPP1 were also reduced when SRSF11 was depleted (Supplementary Figure S12B) . These results suggest that SRSF11-dependent telomerase recruitment occurs in a step separate from and prior to the interaction between TPP1 and TERT. We also found that depletion of TRF2 does not disrupt co-localization of telomeres with nuclear speckles, suggesting that TRF2 might be dispensable for telomere localization to nuclear speckles. Nonetheless, TRF2 is necessary to facilitate targeting of SRSF11-telomerase complex to telomeres at nuclear speckles because the interaction between SRSF11 and TRF2 is required for telomerase association with telomeres.
Telomerase has been implicated in human cancer and therefore considered as a potential target for cancer therapy. Functional inhibition of SRSF11 disrupts telomerase recruitment to telomeres and abrogates telomere elongation without interfering with telomerase enzyme activity. The essential role of SRSF11 in the telomerase recruitment pathway suggests the potential for novel strategies to inhibit telomerase activity in human cancer. In humans, lossof-function mutations in telomerase components including dyskerin, TERC, TERT and TCAB1 have been associated with a number of diseases including dyskeratosis congenita, aplastic anemia, pulmonary fibrosis and multiple types of cancer (49) (50) (51) (52) . Thus, it is likely that mutations in SRSF11 may also be found in patients with these diseases.
Overall, our results provide an insight into the new cellular function of SRSF11 in addition to its function as a pre-mRNA splicing factor (28) . SRSF11 acts as a nuclear speckle-targeting factor that is essential for cell cyclespecific recruitment of telomerase to telomeres and represents a new route for telomere maintenance by modulating telomere length homeostasis.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
